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Accurate targeting of transcriptional enhancers to the correct promoter poses a significant information
problem in higher eukaryotes. Enhancer-core promoter specificity may provide one solution. Reporting
recently in Nature, Zabidi et al. (2014) uncover, via a genome-wide analysis approach, two general
classes of enhancer-promoter interactions differentially regulating ‘‘housekeeping’’ versus ‘‘developmental’’
genes.Transcriptional regulation in eukaryotes is
directed by distally acting enhancers and
proximal core promoters that contain mo-
tifs such as the TATA box and DPE, which
interact with the general transcription ma-
chinery. In metazoan genomes, tens of
thousands of enhancers must selectively
interact with transcriptional start sites to
direct accurate gene expression. Although
enhancer-promoter proximity is an impor-
tant simplifying constraint, with further
control exerted by insulators and pro-
moter targeting sequences, additional
means ensure that trans-acting factors
on enhancers interact with the correct
basal promoters. Specificity in enhancer-
core promoter interactions has been
described in a few cases, most notably in
Drosophila, but the generality of such in-
teractions is unknown. Indeed, there is
substantial evidence that many enhancers
have the potential to activate a wide range
of basal promoters (Kermekchiev et al.,
1991).
The Stark group recently described a
powerful new technique to identify tran-
scriptional enhancers on a genome-widescale (Arnold et al., 2013). Rather than
relying on the identification of character-
istic chromatin marks that are assumed,
but not proven, to correspond to actual
functional elements, their STARR-Seq
method tests small genomic fragments
inserted into transiently transfected re-
porters. The genomic elements are posi-
tioned in a downstream ‘‘enhancer-like’’
location that ensures the regulatory
region will be transcribed together with
the reporter, permitting identification
of the cis element in high-throughput
sequencing assays. Although the method
is limited in that it does not reveal active
‘‘silencers’’ or complex, multi-component
regulatory regions, it represents the cut-
ting edge in making functional maps of
cis elements.
The assay matches many enhancers to
one core promoter sequence, and in the
new study from the group, Zabidi et al.
(2014) show that just which promoter is
selected greatly influences the interpre-
tation of the regulatory potential of the
Drosophila genome. The authors use a
core promoter sequence from a ribosomalprotein gene (RpS12), representing a
broadly expressed housekeeping gene,
and a modified element derived from the
tissue-specific even-skipped gene (eve)
as a developmental core promoter. Signifi-
cantly, the authors find that enhancers that
activate the RpS12 construct differ from
those functioning with the modified eve
promoter. Enhancers working with the
RpS12 core promoter typically lie close
to transcriptional start site of the genes
from which they were derived, while en-
hancers preferring the eve core promoter
are typically more distal, reminiscent of
the paradigmatic stripe enhancers of the
eve locus.
Overall, the genes associated with the
enhancers collected through this process
fall into two broad categories. Rps12-sen-
sitive enhancers are associated with what
have been termed ‘‘housekeeping’’ genes,
characterized by broad or ubiquitous ex-
pression (although their expression levels
may vary in time or space). The eve core
promoter collected enhancers of genes
expressed in a more restricted fashion,




Figure 1. Enhancer-Core Promoter Specificity
Diverse classes of enhancer-core interactions. (1) A housekeeping enhancer (orange) interacts with a
proximal core promoter (orange). Its activity ability to interact with distal core enhancers may be prevented
by lack of complementary function or by the additional action of an insulator (red). (2) A developmental
enhancer (purple) specifically interacts with its target developmental promoter (purple), but not other
promoters, due to stringent specificity of interactions with the core promoter. (3) A different class of devel-
opmental enhancer (green) targets multiple promoters with different efficiency. The weaker activity might
serve to fine-tune expression from the purple core promoter.
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Previewsthus appears that, in Naismithian terms,
some enhancer-like sequences are
specialized free-throw shooters, working
over a short range to target a specific
class of basal promoter present at broadly
expressed housekeeping genes. Other
enhancers are three-pointer specialists,
interacting with core promoters adapted
for long-range input from distal develop-
mental enhancers.
The finding that these cis elements pre-
fer core promoters with distinct composi-
tions (TATA box, Inr, and DPE present
in eve, but absent in RpS12) is substan-
tiated by the observation that core
promoters normally linked to these
enhancers show similar characteristics,
e.g., the presence or absence of a TATA
box. The predilection to choose certain
compositions of motifs on core pro-
moters is borne out by the testing of five
additional elements. In each case, similar
groups of enhancers preferred core pro-
moters with specific motifs, broadly
grouped by the authors into house-
keeping versus developmental cate-
gories. Supporting this Manichean
division is the finding that enhancers
that work well with the RpS12 core pro-
moter are similarly active in two different
cell types, as expected of housekeeping
genes, whereas the eve core promoter-136 Developmental Cell 32, January 26, 2015preferring enhancers show wider vari-
ance of expression between cell types.
DRE motifs are enriched in the house-
keeping enhancer sequences and were
shown to be functionally important for
several genes, whereas developmental
enhancers displayed a wider selection of
overrepresented motifs, consistent with
their diverse activities.
Overall, this study from Zabidi et al.
(2014) represents a landmark effort in
defining the role of specificity in en-
hancer-core promoter interactions. Previ-
ous studies had underlined the importance
of core promoter composition for differen-
tial interaction with basal machinery, such
asSAGAversus TFIID-boundpromoters in
yeast (Huisinga and Pugh 2004), for scat-
tered or focused transcriptional initiation
patterns (Ni et al., 2010; Rach et al.,
2009; Butler and Kadonaga 2002), and
for propensity for RNA polymerase
pausing (Hendrix et al., 2008). However,
the relevance of these properties in
controlling communication with different
classes of enhancers was obscure. Previ-
ous analysis of specific enhancers had
pointed to the possibility that core pro-
moter composition can direct specific
enhancer-promoter interactions (reviewed
in Butler and Kadonaga 2002). Zabidi et al.
(2014) propose that the world of core pro-ª2015 Elsevier Inc.moters can be divided into housekeeping
and developmental categories, but it is
likely that such effects are not all or
nothing. Indeed, they show that there is
an ability of diverse enhancers to work to
a certain extent on the different promoter
classes. Thus, there may be a large num-
ber of subtypes of core promoters that
are relevant to different sets of enhancers
in amanner likely dictated by the biochem-
ical properties of the transcription factors
bound to them (Figure 1). Clarity on this
point will come from testing additional
types of core promoters and determining
which transcription factors are bound to
different classes of enhancers with distinct
promoter specificity. Kadonaga and col-
leagues showed that the Caudal activator
is one such determinant, preferring to
function with DPE-containing core pro-
moters (Juven-Gershon et al., 2008), and
other examples are likely to be found.
The matchmaking function of core pro-
moter elements may also be utilized in
developmental contexts to tune the exact
amount of transcriptional signaling pro-
cessed though a basal promoter. A
constellation of suboptimal elements may
provide appropriate weak coupling that
ensures correct gene regulatory output,
similar to the differential effect of transcrip-
tion factor binding sites of higher or lower
affinity.
One idea yet to be explored is the func-
tion of proteins interacting with these
diverse classes of core promoters; Zabidi
et al. (2014) found an enrichment of
DRE sites in regulatory regions of house-
keeping genes (as previously noted in
Ni et al., 2010) and suggested that
DREF may be a specific factor for
contacting basal machinery on these
promoters. Alternatively, DRE-like sites
are bound by the BEAF32 insulator
protein; thus, DRE motifs may be impor-
tant for screening transcriptional signals
emanating from these local enhancers
(Korenjak et al., 2014). The elucidation
of molecular processes of gene expres-
sion has long focused on biochemical
details of the complex transcriptional
regulation machinery. New approaches,
such as that represented by Zabidi et al.
(2014), show that complex systems of
gene regulation in development can be
understood at systems-wide level, which
will in turn provide new insights into




Arnold, C.D., Gerlach, D., Stelzer, C., Boryn, q.M.,
Rath, M., and Stark, A. (2013). Science 339, 1074–
1077.
Butler, J.E., and Kadonaga, J.T. (2002). Genes
Dev. 16, 2583–2592.
Hendrix, D.A., Hong, J.-W., Zeitlinger, J., Rokhsar,
D.S., and Levine, M.S. (2008). Proc. Natl. Acad.
Sci. USA 105, 7762–7767.Huisinga, K.L., and Pugh, B.F. (2004). Mol. Cell 13,
573–585.
Juven-Gershon, T., Hsu, J.-Y., and Kadonaga, J.T.
(2008). Genes Dev. 22, 2823–2830.
Kermekchiev, M., Pettersson, M., Matthias, P., and
Schaffner, W. (1991). Gene Expr. 1, 71–81.
Korenjak, M., Kwon, E., Morris, R.T., Anderssen,
E., Amzallag, A., Ramaswamy, S., and Dyson,
N.J. (2014). Nucleic Acids Res. 42, 8939–8953.Developmental Cell 32Ni, T., Corcoran, D.L., Rach, E.A., Song, S., Spana,
E.P., Gao, Y., Ohler, U., and Zhu, J. (2010). Nat.
Methods 7, 521–527.
Rach, E.A., Yuan, H.-Y., Majoros, W.H., Tom-
ancak, P., and Ohler, U. (2009). Genome Biol.
10, R73.
Zabidi, M.A., Arnold, C.D., Schernhuber, K.,
Pagani, M., Rath, M., Frank, O., and Stark, A.
(2014). Nature. Published online December 15,
2014. http://dx.doi.org/10.1038/nature13994., January 26, 2015 ª2015 Elsevier Inc. 137
